Introduction
============

Electrogenerated chemiluminescence (ECL) is the process in which electrogenerated species undergo high-energy electron-transfer reactions to form excited species that emit light.[@cit1] ECL sensors have many advantages, such as a low background optical signal, being potential- and spatial-controlled, low cost, wide range of analytes, and high sensitivity.[@cit2] Thus, the ECL technique has been extensively used in bioanalytical fields such as immunoassays[@cit3] and DNA analysis.[@cit4] Generally, only one emission signal change is observed in the conventional ECL methods. False positives or false negatives may occur due to other interferences, especially in a complex biological matrix. Therefore, it is imperative to develop an efficient ECL system which can eliminate the aforementioned problems of false positives or false negatives. Recently, a ratiometric ECL method has attracted increasing attention because it can effectively restrain the signal interference by self-calibration of two emission signals and make the obtained results more convincing.[@cit5] In the case of ratiometric ECL schemes, two different ECL emitter units are usually needed. For example, Zhang *et al.* employed a CdS nanocrystal and luminol as the two ECL emitters to detect DNA.[@cit6] Zhao *et al.* reported an ECL ratiometric strategy for highly sensitive detection of protein kinase activity using graphene quantum dots (GQDs) and luminol as the emitters.[@cit7] However, no reports focus on the synchronous cathodic and anodic ECL of one emitter. In this work, we propose dual ECL based on a single GQD emitter for the first time.

In the development of the ECL history, traditional ECL emitters such as Ru(bpy)~3~^2+^, luminol and their derivatives have been widely studied. Since the ECL properties of quantum dots (QDs) were first reported in 2002,[@cit8] extensive fundamental research and analytical applications of the ECL of QDs, especially semiconductor-based quantum dots, have been developed.[@cit9] However, the semiconductor-based QDs raise serious health and environmental concerns because of the inherent toxicity of heavy metals. Graphene quantum dots (GQDs), smaller than 100 nm in few layers (less than 10),[@cit10] are a new kind of zero-dimensional carbon nanomaterial. GQDs exhibit obvious advantages over traditional QDs, such as low cytotoxicity and attractive biocompatibility.[@cit11] Thus, GQDs are expected to have wide application in ECL research.[@cit12] To date, the cathodic ECL of GQDs has been widely investigated, but little work has been reported on the anodic ECL of GQDs because of the weak or unstable signals.

To the best of our knowledge, in this work, we find for the first time that a greater ECL enhancement at both the anode and cathode can be achieved using the strategy of chemical and electrochemical co-mediation. To be more specific, we develop dual potential ECL using one GQD emitter and two different coreactants of K~2~S~2~O~8~ and Na~2~SO~3~. The strategy of using two different coreactants, though not common, was already reported, such as the use of S~2~O~8~^2--^ and O~2~ for ultrasensitive biosensing.[@cit13] Nonetheless, this study still cannot realize ECL enhancement at both electrodes. The as-resulted dual potential ECL in our work exhibits outstanding enhancement for both cathodic and anodic processes. The corresponding ECL enhancement mechanism has been investigated in detail. On the basis of the new dual-potential ECL system, we construct an ECL immunosensor which can detect HIgG with appreciable sensitivity.

Results and discussion
======================

GQDs were synthesized *via* a chemical oxidation method illustrated in Scheme S1A.[†](#fn1){ref-type="fn"} As shown in the TEM image (Fig. S1A[†](#fn1){ref-type="fn"}), the as-prepared GQDs are uniformly dispersed without agglomeration. A well-defined lattice fringe with a spacing of 0.21 nm is clearly observed in the inset of Fig. S1A,[†](#fn1){ref-type="fn"} which is similar to those reported previously.[@cit14] The diameter is mainly distributed in the range of 0.5--4 nm with an average diameter of 2.5 nm (Fig. S1B[†](#fn1){ref-type="fn"}). In addition, the as-synthesized GQDs have thicknesses of 1--2 nm from the observation of AFM characterization (shown in Fig. S2[†](#fn1){ref-type="fn"}). The FTIR spectrum (Fig. S1C[†](#fn1){ref-type="fn"}) indicates the presence of an --OH group at 3370 cm^--1^, a C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O group at 1622 cm^--1^, a C--O (alkoxy) group at 1137 cm^--1^ and a C--O (carboxy) group at 1425 cm^--1^. The absorptions below 1137 cm^--1^ should be attributed to the out-of-plane bending of ring C--H bonds and out-of-plane ring bending. Fig. S1D[†](#fn1){ref-type="fn"} shows the photoluminescence (PL) spectra and UV-vis absorption spectra of the GQDs. In the UV-vis absorption spectrum, a broad absorption band at 360 nm appears, which is ascribed to the n--π\* transition of C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O. The strong background absorption below 300 nm is related to the electron transitions from π to π\* of aromatic sp^2^ domains.[@cit15] The GQD aqueous dispersion is transparent under daylight, while it exhibits greenish yellow fluorescence under an irradiation with a 365 nm UV lamp as shown in the inset of Fig. S1D.[†](#fn1){ref-type="fn"} The emission spectra at different excitation wavelengths show that the maximum emission wavelength becomes red-shifted with increasing excitation wavelength. Similar to previous reports,[@cit11] GQDs exhibits an excitation-dependent PL property.

The ECL and cyclic voltammograms (CVs) of four different systems of (a) GQDs/ITO in a solution of Na~2~SO~3~ (GQDs--Na~2~SO~3~), (b) ITO in a solution of Na~2~SO~3~--K~2~S~2~O~8~ (Na~2~SO~3~--K~2~S~2~O~8~), (c) GQDs/ITO in a solution of K~2~S~2~O~8~ (GQDs--K~2~S~2~O~8~), and (d) GQDs/ITO in a solution of K~2~S~2~O~8~--Na~2~SO~3~ (GQDs--K~2~S~2~O~8~--Na~2~SO~3~) were studied. ITO was used as the working electrode due to its good conductivity as well as optical transparency that allows more generated light to be detected. When the potential is positively scanned from --1.2 V to 1.5 V with an initial potential of 0 V, the GQDs--Na~2~SO~3~ system does not show obvious anodic and cathodic ECL emissions ([Fig. 1A](#fig1){ref-type="fig"}, curve a). Similarly, the Na~2~SO~3~--K~2~S~2~O~8~ system exhibits only very weak anodic and cathodic ECL emissions ([Fig. 1A](#fig1){ref-type="fig"}, curve b), indicating that the K~2~S~2~O~8~--Na~2~SO~3~ system has only very limited contribution to the ECL intensity if GQDs are not present. In contrast, the GQD modified electrode in a solution of K~2~S~2~O~8~ displays a prominent cathodic ECL signal while the anodic ECL is yet invisible ([Fig. 1A](#fig1){ref-type="fig"}, curve c). When adding Na~2~SO~3~ to the GQDs--K~2~S~2~O~8~ system, both the anodic and cathodic ECL signals are significantly increased ([Fig. 1A](#fig1){ref-type="fig"}, curve d). The ECL-time profiles of these four systems are shown in Fig. S3.[†](#fn1){ref-type="fn"} As shown in the corresponding CVs in [Fig. 1B](#fig1){ref-type="fig"}, an anodic peak around 1.4 V appears in the system containing Na~2~SO~3~. This peak can be attributed to the oxidation of Na~2~SO~3~. In contrast, a reduction current of K~2~S~2~O~8~ appears in the case of the systems (curves b--d) containing K~2~S~2~O~8~ regardless of the presence of GQDs. The ECL spectra of GQDs at cathodic and anodic potentials are shown in [Fig. 1C and D](#fig1){ref-type="fig"}, respectively. They show that the ECL emission peaks appear at 509 nm at the anodic potentials and 503 nm at the cathodic potentials. Both the ECL peak positions are close to the PL emission peak wavelength of 525 nm (excited at 370 nm) for GQDs, revealing that the ECL signals indeed originated from GQDs. Additional results demonstrate that the ECL system is very stable as evidenced by the invariable anodic and cathodic ECL signals during continuous cyclic potential scans in PBS ([Fig. 2A](#fig2){ref-type="fig"}). The relative standard deviations (RSD) for the anodic and cathodic ECLs are 1.5% and 1.2%, respectively. Note that we can observe a very slight signal of the GQDs--K~2~S~2~O~8~--Na~2~SO~3~ system (red line) compared to others in the potential range of --0.75 V to 0.75 V where there is no ECL occurring, indicating that SO~4~˙^--^ and SO~3~˙^--^ can produce chemiluminescence with GQDs, but its intensity is negligible compared with the ECL signal.

![ECL-potential curves (A) and corresponding cyclic voltammograms (B) of GQDs--100 mM Na~2~SO~3~ (black lines), GQDs--10 mM K~2~S~2~O~8~ (blue lines), 100 mM Na~2~SO~3~--10 mM K~2~S~2~O~8~ (green lines), and GQDs--10 mM K~2~S~2~O~8~--100 mM Na~2~SO~3~ (red lines) in a 0.1 M air-saturated PBS (pH 7.4) at a scan rate of 0.2 V s^--1^. (C) PL (*λ*~ex~ = 370 nm) (black lines) and ECL spectra (red lines) for the GQDs--10 mM K~2~S~2~O~8~--100 mM Na~2~SO~3~ system at cathodic (C) and anodic potentials (D), respectively.](c8sc02110d-f1){#fig1}

![(A) Continuous ECL responses of the GQDs--K~2~S~2~O~8~--Na~2~SO~3~ system during a continuous potential scan between --1.2 and 1.5 V at a scan rate of 0.2 V s^--1^ (B) ECL-time profiles of the GQDs--K~2~S~2~O~8~--Na~2~SO~3~ system in air-saturated (blue curve), nitrogen-saturated (red curve) and oxygen-saturated (black curve) 0.1 M PBS (pH 7.4) (scan potential: --1.2 to 1.0 V).](c8sc02110d-f2){#fig2}

Mechanism of cathodic ECL
-------------------------

As previously mentioned, an obvious cathodic ECL appears in the GQDs--K~2~S~2~O~8~ system. This cathodic ECL behavior of GQDs is similar to previous reports.[@cit2c],[@cit12a] The electrochemical reduction of K~2~S~2~O~8~ and GQDs at negative potentials generates SO~4~˙^--^ and GQDs˙^--^ radicals, respectively. The strongly oxidizing SO~4~˙^--^ radicals can react with GQDs˙^--^ radicals *via* electron-transfer annihilation, generating an excited state (GQDs\*) which eventually produces an ECL emission. When Na~2~SO~3~ is added to the GQDs--K~2~S~2~O~8~ system, the intensity of cathodic ECL is significantly enhanced (refer to curves c and d in [Fig. 1A](#fig1){ref-type="fig"}). This enhancement can be understood by the fact that additional SO~4~˙^--^ radicals are generated chemically by the reaction between Na~2~SO~3~ and K~2~S~2~O~8~ in addition to those generated electrochemically, and thus, the cathodic ECL intensity will be considerably increased if enough GQDs˙^--^ radicals are present. This implies that the electrochemical formation rate of GQDs˙^--^ radicals is much higher than the electrochemical formation rate for SO~4~˙^--^ radicals. The possible ECL mechanism could be expressed using the following reactions (1)--(5).

Mechanism of anodic ECL
-----------------------

According to the literature,[@cit15] sulfite acts as a coreactant which can enhance the anodic ECL of CdTe QDs in air-saturated aqueous solution. However, no literature reported that Na~2~SO~3~ can enhance the anodic ECL of GQDs. [Fig. 1A](#fig1){ref-type="fig"} shows that only a very weak anodic signal is observed in the GQD--Na~2~SO~3~ system ([Fig. 1A](#fig1){ref-type="fig"}, curve a), and no anodic ECL in the GQD--K~2~S~2~O~8~ system ([Fig. 1A](#fig1){ref-type="fig"}, curve c) appears. However, when K~2~S~2~O~8~ is introduced to the GQDs--Na~2~SO~3~ system, a great enhancement of the anodic ECL is observed. This result indicates that dual coreactants could exhibit synergy in the ECL emission of GQDs. As is well known, SO~3~˙^--^ and SO~4~˙^--^ radicals are produced by the chemical reaction of S~2~O~8~^2--^ and SO~3~^2--^. However, the fact that O~2~˙^--^ is considered as an important species for the enhancement of anodic ECL in previous studies[@cit16],[@cit17] should be considered. Therefore, to confirm whether the synergistic effect is the cause of the anodic ECL of GQDs, the influence of dissolved oxygen (DO) is examined in control experiments in a potential ranging from --1.2 to +1.0 V. In this potential window, the electrogeneration of O~2~ at high potentials can be avoided. [Fig. 2B](#fig2){ref-type="fig"} clearly shows that there is no obvious change in the anodic ECL intensity in air as compared to that in nitrogen-saturated aqueous solution. If additional oxygen is bubbled into the system, the increase in anodic ECL signal is still negligible. These results demonstrate that the influence of dissolved oxygen on the anodic ECL response can be ignored. Therefore, O~2~˙^--^ should not be a key species for the enhanced anodic ECL.

Based on the above experimental results, we proposed a possible anodic mechanism. The electrochemical oxidation of Na~2~SO~3~ and GQDs at positive potentials generates SO~3~˙^--^ and GQDs˙^+^ radicals, respectively. SO~3~˙^--^ radicals can react with GQDs˙^+^ radicals *via* electron-transfer annihilation, generating an excited state (GQDs\*) which eventually produces an ECL emission. Since most of the Na~2~SO~3~ is directly oxidized to Na~2~SO~4~, the amount of SO~3~˙^--^ produced by the electrochemical oxidation is very limited, therefore the anodic ECL signal of the GQDs--Na~2~SO~3~ system is very weak. As mentioned above, SO~3~˙^--^ radicals can be created from the chemical reaction between K~2~S~2~O~8~ and Na~2~SO~3~. When K~2~S~2~O~8~ is added to the GQDs--Na~2~SO~3~ system, the amount of SO~3~˙^--^ radicals generated is much more than that produced from electrochemical pathways, and the corresponding anodic ECL is increased significantly. Meanwhile, in air-saturated aqueous solution, SO~3~˙^--^ can combine with oxygen and yield an O~3~SOO˙^--^ anionic radical. In this case, two possible auto-catalytic propagation steps are followed:[@cit17b],[@cit17d] (1) the generated O~3~SOO˙^--^ radicals react with SO~3~^2--^ to produce SO~4~˙^--^ radicals; (2) the generated SO~4~˙^--^ radicals react with SO~3~^2--^ to yield SO~3~˙^--^ radicals. As a result, oxygen will not show obvious influence on the anodic ECL of GQDs, which is consistent with the experimental results. Furthermore, electron paramagnetic resonance (EPR) was recorded to identify the radicals in the system. [Fig. 3A](#fig3){ref-type="fig"} shows the hyperfine splitting constants of 5, 5-dimethyl-1-pyrroline *N*-oxide (DMPO) radical adducts. The hyperfine splitting constants *α*~N~ = 14.5 G, *α*Hβ = 16.2 G are representative of DMPO--SO~3~, verifying the existence of SO~3~˙^--^ in the system. Meanwhile, DMPO--SO~4~ signal with *α*~N~ = 13.6 G, *α*Hβ = 10.5 G, and *α*Hγ = 1.42 G is observed, which confirms the formation of SO~4~˙^--^. The results indicate that both SO~3~˙^--^ and SO~4~˙^--^ radicals exist in the K~2~S~2~O~8~--Na~2~SO~3~ system. The amounts of SO~3~˙^--^ radicals formed chemically and electrochemically were also investigated by using EPR spectra. [Fig. 3B](#fig3){ref-type="fig"} shows that the amount of SO~3~˙^--^ radicals generated by electrochemical oxidation is very low, while that produced by chemical reaction is enhanced about 47-fold. The effects of K~2~S~2~O~8~ and Na~2~SO~3~ concentrations on the ECL enhancement of GQDs were investigated. As shown in Fig. S4,[†](#fn1){ref-type="fn"} the anodic ECL intensity of GQDs increases with the increase of K~2~S~2~O~8~ concentration. The corresponding EPR spectra were recorded. Fig. S5[†](#fn1){ref-type="fn"} shows the EPR spectra of different systems. Setting the concentration of Na~2~SO~3~ at 0.1 M, with the increase of K~2~S~2~O~8~ concentration, both the EPR signals of DMPO--SO~3~ and DMPO--SO~4~ increase, which verifies that the anodic ECL signal increases with increased SO~3~˙^--^ radicals.

![(A) EPR spectrum of K~2~S~2~O~8~--Na~2~SO~3~--DMPO. (B) (a) EPR spectrum of DMPO--0.1 M Na~2~SO~3~ in a cyclic potential scan from 0 to 1.5 V. (b) EPR spectrum of DMPO--0.1 M Na~2~SO~3~--0.01 M K~2~S~2~O~8~. (c) EPR spectrum of DMPO--0.1 M Na~2~SO~3~--0.01 M K~2~S~2~O~8~ in a cyclic potential scan from 0 to 1.5 V.](c8sc02110d-f3){#fig3}

In view of the above discussion, a possible anodic ECL mechanism can be proposed for the GQDs--Na~2~SO~3~--K~2~S~2~O~8~ system. As shown in [Scheme 1](#sch1){ref-type="fig"}, SO~3~˙^--^ radicals can be generated by both chemical and electrochemical reactions. The electrochemical oxidation of GQDs at positive potentials produces GQDs˙^+^ radicals. SO~3~˙^--^ radicals can react with GQDs˙^+^ radicals *via* electron-transfer annihilation, generating an excited state (GQDs\*) which eventually produces an ECL emission. SO~3~˙^--^ radicals are the key species in this process. The possible ECL mechanism could be expressed using the following reactions (6)--(10).

![Schematic illustration of the ECL mechanism of GQDs.](c8sc02110d-s1){#sch1}

On the basis of the remarkably enhanced anodic and cathodic ECL signals of the GQDs--K~2~S~2~O~8~--Na~2~SO~3~ system, an immunosensor was constructed to detect different concentrations of HIgG(Ag) as illustrated in Scheme S1B[†](#fn1){ref-type="fn"} (for experimental details refer the Experimental section). The electrochemical impedance spectra (EIS) results in Fig. S6[†](#fn1){ref-type="fn"} indicate that the immunosensor has been fabricated successfully. As shown in [Fig. 4A](#fig4){ref-type="fig"}, the ECL emission in the presence of HIgG (b--i) is lower than that in the absence of HIgG (a), and the ECL intensity decreases gradually with increasing the concentrations of HIgG. This decrease in ECL signal can be ascribed to the inhibited access of the coreactants and the chemically generated radicals to the electrode surface due to the steric hindrance, which is caused by the formed immune complex from specific binding between the antigen and antibody. Both the responses in cathodic ECL and anodic ECL can be used to confirm the detection of HIgG. The standard calibration curve for the HIgG detection is displayed in [Fig. 4B](#fig4){ref-type="fig"}. The logarithmic value of anodic/cathodic ECL linearly depends on the logarithm of the HIgG concentration in a range of 0.1--150 ng mL^--1^ with a detection limit of 0.02 ng mL^--1^ (S/N = 3). This immunosensor outperforms the commercially available ELISA-based IgG sensors which have a minimum detection limit of 0.06 μg mL^--1^.

![(A) ECL-time profiles of the electrode at different concentrations of Ag (a--i: 0, 0.1, 0.5, 1, 5, 10, 50.0, 100.0 and 150.0 ng mL^--1^). (B) Relationship between ECL~anode~*vs.* log *C*~Ag~ (red line) and ECL~cathodic~*vs.* log *C*~Ag~ (black line).](c8sc02110d-f4){#fig4}

In conclusion, we present a new concept of coupling chemical and electrochemical reactions together for ECL enhancement on the anode and cathode. That is completely different from conventional ECL enhancement systems available to date. In the experiments, dual potential ECL using one GQD emitter and two different coreactants of K~2~S~2~O~8~ and Na~2~SO~3~ is proposed, and the corresponding mechanism is investigated. Furthermore, an ECL immunosensor for the sensitive detection of human IgG (HIgG) has been developed based on this new dual-potential ECL. The newly proposed strategy is simple, efficient, and economic to achieve the synchronous ECL enhancement in dual electrodes, which would be promising for the construction of ECL biosensors.

Experimental Section
====================

Preparation of GQDs
-------------------

GQDs were synthesized by a chemical oxidation method. In brief, a GO solution (30 mL, 0.5 mg mL^--1^) was first added to a mixture of concentrated H~2~SO~4~ (2 mL) and HNO~3~ (8 mL). Then, the mixture was refluxed at 150 °C for 18 h. The obtained product consisted of a brown transparent suspension. After cooling to room temperature, the pH value of the suspension was adjusted to 8 using NaOH (1 M) aqueous solution carefully. The suspension was then filtered through a 0.22 μm microporous membrane to remove the black precipitates. Finally, the resulting solution was dialyzed in a dialysis bag (retained molecular weight: 500 Da) to yield GQDs.

Fabrication of an ECL immunosensor
----------------------------------

ITO glass was cleaned by immersion in 2 M boiling KOH solution dissolved in ethanol for 15 min, followed by washing thoroughly with water and dried under nitrogen. Then, a 15 mL GQD solution was dropped onto the cleaned ITO electrode. After drying naturally, a 15 μL 0.05% chitosan solution was added to stabilize GQDs as well as to facilitate the adsorption of protein molecules. The modified electrode was then allowed to dry in air. After the electrode was washed with abundant ultrapure water, it was incubated with 2.0% glutaraldehyde for 2 h, followed by dropping 50 μg mL^--1^ antibody solution (10 mM PBS, pH 7.4) onto the electrode surface and incubated at 4 °C for at least 12 h. After washing with pH 7.4 PBS, the electrode was incubated in 30 μL of 5 wt% BSA for 1 h to avoid possible non-specific adsorption. After washing, the ECL immunosensor was obtained. Finally, the modified electrode was dipped in the target antigen sample for 1 h, followed by rinsing with PBS.
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